ABSTRACT One of the possible adverse effects of transgenic insecticidal crops is the unintended decline in the abundance of nontarget arthropods. Field trials designed to evaluate potential nontarget effects can be more complex than expected because decisions to conduct Þeld trials and the selection of taxa to include are not always guided by the results of laboratory tests. Also, recent studies emphasize the potential for indirect effects (adverse impacts to nontarget arthropods without feeding directly on plant tissues), which are difÞcult to predict because of interactions among nontarget arthropods, target pests, and transgenic crops. As a consequence, Þeld studies may attempt to monitor expansive lists of arthropod taxa, making the design of such broad studies more difÞcult and reducing the likelihood of detecting any negative effects that might be present. To improve the taxonomic focus and statistical rigor of future studies, existing Þeld data and corresponding power analysis may provide useful guidance. Analysis of control data from several nontarget Þeld trials using repeated-measures designs suggests that while detection of small effects may require considerable increases in replication, there are taxa from different ecological roles that are sampled effectively using standard methods. The use of statistical power to guide selection of taxa for nontarget trials reßects scientistsÕ inability to predict the complex interactions among arthropod taxa, particularly when laboratory trials fail to provide guidance on which groups are more likely to be affected. However, scientists still may exercise judgment, including taxa that are not included in or supported by power analyses.
The potential for unintended declines in the abundance, activity, or diversity of arthropods is one of several issues considered in assessing the relative beneÞts and risks of transgenic (ϭgenetically modiÞed or genetically engineered) crop production (Wolfenbarger and Phifer 2000) . Such adverse outcomes are generally referred to as nontarget (or nontarget) effects, which perhaps derives from the use of the term "nontarget organisms" to describe taxa impacted by the early, indiscriminate use of insecticides (Newsom 1967) , and subsequently in importation (ϭclassical) biological control (Howarth 1991 , Louda et al. 2003 . Because many of the commercially available transgenic crops express insecticidal proteins derived from the soil bacterium Bacillus thuringiensis (Berliner) (Bt), the term nontarget adequately describes all species that a novel genetic combination is not intended to suppress.
Using Þeld tests to evaluate the potential effects of transgenic crops on nontarget arthropods might seem straightforward. Existing frameworks to assess risk have been adapted to nontarget taxa (Andow and Hilbeck 2004) , and there is widespread agreement that such a process is best organized in a stepwise or tiered fashion (Romeis et al. 2006) . In theory, Þeld testing is conducted based on the need to clarify results from earlier, lower-tiered tests. Logically, the identity of species adversely affected in laboratory tests would help determine the list of taxa to include in more realistic Þeld research. However, decisions to conduct Þeld trials and the selection of taxa to include in such studies are often decoupled from the results of laboratory testing. Broader groups of arthropods are generally used to monitor for nontarget effects including taxa considered (1) likely to be exposed to an insecticidal toxin, (2) to provide ecosystem services, and (3) rare or charismatic. Although considering the likelihood of exposure and special human interests have merit, these criteria are often based on the opinions of experts, which may not be accurate or scientiÞcally justiÞable (as noted in Andow and Hilbeck 2004) .
Furthermore, experience with Bt crops suggests that assessing unintended effects of transgenic insecMention of a proprietary product does not constitute an endorsement or a recommendation by Iowa State University or USDA for its use.
ticidal crops in the Þeld is more complex than anticipated and that selection of nontarget taxa is a critical step. For example, predictions regarding direct effects (i.e., those resulting from nontarget feeding on transgenic crop tissues) on species likely to be susceptible to a toxin might be misleading if Þeld exposure (consumption of the toxin) is not accurately estimated (as in Losey et al. 1999, Jesse and Obrycki 2000; see Hellmich et al. 2001) . Among indirect effects, there is potential for reduced populations of predators or parasitoids that depend on target pests as prey or hosts (Riddick et al. 1998 , Wold et al. 2001 , Pilcher et al. 2005 ). The conclusion that nontarget arthropods may be adversely affected through consuming prey containing Bt toxins (Hilbeck et al. 1998 , Dutton et al. 2002 , Ponsard et al. 2002 ) is potentially more problematic. Although none of these studies proves any environmental harm from Bt crops and similar effects on nontarget taxa might be expected from other pest management strategies, the scientiÞc discussion has shifted to the potential for indirect effects. This focus on indirect effects is perhaps responsible for the cautious, more expansive lists of arthropod taxa monitored (see Dively 2005) .
Evaluation of how nontarget effects are assessed should ideally be objective, but disadvantages of de facto monitoring of all identiÞable taxa exist for both supporters and detractors of transgenic crops. Drawbacks for biotechnology advocates, particularly industry groups, include a lack of guidance in designing such broad studies and the taxonomic expertise necessary to conduct them. For opponents of transgenic crops, one major shortcoming is that increasingly broad efforts may be unable to detect any negative effects that might be present. The demand to test for treatment effects on more taxa also may result in weak analysis of rare or poorly sampled taxa. In some cases, failure to detect such effects may incorrectly be equated with an absence of effects (Marvier 2002) , but each distinct test also presents an additional chance for a type I error (incorrect rejection of a true null hypothesis; i.e., apparent detection of an effect that does not exist).
If Þeld testing continues to be used to search for indirect nontarget effects of transgenic insecticidal crops, changes to the current research methods should be considered. In particular, studies lacking well-deÞned hypotheses (including broad monitoring efforts that may be almost limitless in scope) could beneÞt by applying more objective grounds for selecting nontarget taxa and focusing on fewer total nontarget groups. The quality with which various arthropods are sampled is one quantitative criterion for selecting nontarget taxa. Statistical power, which represents the probability that an incorrect null hypothesis (e.g., that nontarget densities among treatments are similar) will be correctly rejected by a particular test, can indicate the quality of sampling in a way that addresses the adequacy of experimental designs. Using existing data sets, power analysis may be used to help select a modest number of nontarget taxa and improve the soundness of hypothesis testing. An example using this concept with historical sampling data from nontarget studies on transgenic Þeld corn is described below.
Materials and Methods
A total of 15 time series (5 locations ϫ 3 yr) data sets containing abundance estimates for arthropod taxa were collected. In an effort to make more generally applicable conclusions, study locations included several Corn Belt states (Iowa, Nebraska, Illinois, Maryland) and types of research groups (federal, state, industry). Although some of the data come from previously published research, the inclusion of sampling data used to evaluate proprietary transgenic varieties dictated that only data from negative control treatments (i.e., no insecticidal transgene, no conventional insecticides) were included. A summary of the nontarget sampling protocols for the included data sets is provided in Table 1 . As a preliminary step in summarizing the data sets, simple statistics (mean, CV) were calculated for all taxa and sampling date combinations. Some studies included abundance estimates using uncommon or novel sampling techniques, but only abundance estimates using the most common methods (pitfall traps, sticky cards, visual counts) were evaluated.
Because some data sets provided abundance estimates for 100 or more nontarget groups (with some taxa sampled using multiple methods), a need to initially narrow the list of candidate nontarget groups was apparent. Although other nonmutually exclusive methods could be used, in this case taxon ϫ method combinations were excluded that did not meet the minimum criteria of being sampled (1) at two or more locations, (2) with an observed CV Ͻ100 for at least two consecutive sampling periods within a season. These conditions aimed to eliminate taxa that were not common over a broad geographic range or sampled with a minimum level of precision. One additional criterion rejected taxon ϫ method combinations for which (3) the condition that CV Ͻ 100 (over consecutive samples) was true in less than two thirds of the location ϫ year combinations. This restriction helped exclude for which the quality of sampling was not consistent from year-to-year. Although the criteria used are somewhat arbitrary, they agree in concept with the association of taxa with CV Ͻ 100 having high statistical power (Duan et al. 2006 ) and reduced the number of candidate by Ϸ80%.
The resulting list of nontarget taxa, separated by ecological role (herbivores, saprovores, predators, parasitoids; equivalent to "functional group" in Dively 2005), includes several taxa that did not meet the minimum criteria but were considered to be of special interest ( Table 2 ). Many of the taxa are grouped at the family level, which could be criticized as too broad. However, resolution of data to family was sometimes necessary to compare among data sets when common genera or species differed among locations and may be appropriate when previous testing does not indicate which arthropods are most likely to be adversely affected in Þeld tests. Also, though classiÞcation of some taxa (e.g., carabid beetles) using a single ecological role can seem inaccurate or misleading, this was a necessary simpliÞcation; for many taxa, genus or species level identiÞcations could not be made without additional taxonomic expertise, meaning more precise assignment of ecologic roles was not possible. Furthermore, the use of simpliÞed ecological roles should prove useful. By including members with differing ecological roles, taxonomic, and ecological breadth is likely even for short lists of nontarget arthropods. Given differences in life histories and the distribution of resources among taxa with distinct ecological roles (Price 1976), sampling distributions and power for a given experimental design also are likely to differ (e.g., between herbivores and parasitoids; Gould and Naranjo 1999). Power Analyses. Prospective analyses using the PASS software package (NCSS 2002) were used to estimate the power of hypothesis tests in similar nontarget studies that might be conducted in the future. The power analyses assumed treatment effects on individual taxa would be evaluated using a repeated-measures analysis (RM-analysis of variance [ANOVA] ) to test for a difference between the negative control and one experimental treatment (a transgenic insecticidal cultivar). To include a range of possible outcomes, analyses estimated power if the transgenic variety reduced the overall mean for a nontarget taxon by 20, 30, or 50%, including 3, 6, 9, 12, and 15 replicates of each treatment. Although ␤ (the type II error rate) varied to deÞned power as 1 Ϫ ␤, ␣ (the type I error rate) was set at 0.05 for all analyses. To produce the desired output (plots of power versus replication) PASS further required (1) the between-subjects mean square (MSB), a measure of variation among replicates (NCSS 2002) , (2) the number of time periods or repeated measurements, and (3) the treatment means being compared. For a single experiment and nontarget group, this is relatively simple with MSB (estimated by the mean square of the replicate or block ϫ treatment effect) and mean selected from a RM-ANOVA output.
However, because Ͼ300 speciÞc combinations of taxon, location, year, and sampling method were analyzed, an SAS program (SAS Institute 1999; PROC GLM) was used to generate only the information necessary as inputs for the power analyses. For all of the location ϫ year combinations containing observations for each taxon (and sampling method), the original abundance estimates were used to create four variables. The Þrst variable, y 1 , was the log-transformed control data, with y 2 Ð y 4 representing treatments with 20, 30, or 50% reductions in nontarget arthropod abundance (percentages before transformation; i.e., y 1 ϭ log [x ϩ 1], y 2 ϭ log [0.8x ϩ 1], y 3 ϭ log [0.7x ϩ 1], y 4 ϭ log [0.5x ϩ 1]). The logarithmic transformation was applied to abundance data to compensate for the frequent problems of right-skewed distributions or positive correlations between means and variances (see Sokal and Rohlf 1995) . For each y 1 Ð y 4 , the mean and the between-subjects mean square were output. To obtain the relationship between power and replication for a Ϫ20% effect, inputs into PASS included (1) the means y 1 and y 2 , (2) the number of sampling periods, and (3) the arithmetic mean of MSB for y 1 and y 2 . For other effect sizes, the corresponding pairs of transformed means (i.e., y 1 and y 3 for a Ϫ30% effect, y 1 and y 4 for a Ϫ50% effect) were used to estimate the effect of replication on statistical power.
Outputs and Assumptions. For each nontarget taxon and sampling method, PASS outputs were comprised of several (n ϭ 6 Ð15) estimates of the relationship between power and replication. Because each of the estimates corresponded to a distinct data set, variation among them could come from several sources, including year-to-year differences in the abundance and distribution of nontarget arthropod populations or greater sampling effort at speciÞc locations. Consequently, the estimate with the median power to detect reductions in abundance for a nontarget group (across all combinations of effect and replication) was selected to represent the relationship between power and replication for that taxon. Plots of power versus replication (power curves) were used to graphically approximate the power of hypothesis tests in similar future nontarget studies. The largest potential change in abundance of nontarget taxa (Ϫ50%) is representative of a direct effect, but power curves intended to represent indirect effects (Ϫ20, Ϫ30%) of transgenic crops were also generated. The median curve was preferred because it retains a more realistic shape of the relationship between power and replication compared with a curve based on the mean power at each level of replication (which would appear relatively ßattened).
Several speciÞc assumptions are required for repeated-measures experiments and the corresponding power analyses (NCSS 2002) . Although violations of some assumptions may produce only minor changes to results, these (and other) power analyses should be considered optimistic or "best-case" assessments of statistical power. For example, monitoring for some taxa produced abundance estimates of zero for speciÞc dates, particularly in early samples; because the PASS inputs included the number of sample dates and overall (seasonal) treatment means, in such cases the output overestimates the probability of detecting a treatment difference. Rather than apply subjective judgment across nontarget groups in all of the data sets by deleting or otherwise modifying speciÞc observations, each data set was accepted without any changes. Even with the potential for violating one or more assumptions implicit in this approach, the overall quality and quantity of information should provide results useful for selecting a limited number of nontarget taxa for future Þeld research.
Results and Discussion
To place prospective power estimates into context, statistical power of at least 0.70 has been suggested for Þeld research on nontarget effects (Perry et al. 2003 , Duan et al. 2006 . Aside from the level of variability within the data (represented by MSB in the PASS analyses), power largely depends on the magnitude of the difference between treatments; unfortunately, the effect size considered probable or biologically significant is generally unclear (Perry et al. 2003) . Consequently, defaulting to an effect size (Ϫ50 or Ϫ30%; Lopez et al. 2005 , Duan et al. 2006 ) for which high (Ն0.70) power can be achieved seems likely unless more biologically meaningful guidelines are developed.
Recommended Taxa and Sampling Methods. Power curves were generated for the three taxa with the greatest median power to detect decreases in abun-dance for each of the four ecological roles. Estimates of the median power versus replication relationships for all taxa tested can be found in Appendix 1.
Among the herbivores, leafhoppers (Cicadellidae), corn rootworm adults (Diabrotica spp.), and common thrips (Thripidae) seem to be sampled most effectively (Fig. 1) , all using sticky cards to estimate abundance. Because Diabrotica spp. is a target pest for some Bt corn varieties, ßea beetles (Chrysomelidae: Alticinae; sampled with sticky cards) may be included as another nontarget herbivore. For all four herbivores, 80% power was estimated for detecting a large (Ϫ50%) effect with three to four replicates, whereas approximately nine replicates would be needed to detect more modest (Ϫ30%) changes. For a given level of replication, visual counts for corn rootworm adults and ßea beetles seemed less effective than traps and probably required more in-Þeld effort.
The prospective power estimates for grass ßies (Chloropidae) sampled with sticky cards and springtails (Collembola) and sap beetles (Nitidulidae) sampled with pitfall traps were highest among decomposers (Fig. 2) . Pitfall sampling for a single family of springtails (Entomobryidae) also appeared effective, with power Ͼ0.70 to detect a 30% decrease with approximately six replicates. If Bt corn varieties targeting the European corn borer (Ostrinia nubilalis Hü bner) reduce damage to corn ears, sap beetle abundance may be reduced (Daly and Buntin 2005) . In such a case, fungus gnats (Sciaridae) could be a more informative nontarget saprovore, although at similar effect sizes greater replication seems to be needed. However, some fungus gnats may be indirectly affected by the use of Bt crops (Mycetophilidae; CandolÞ et al. 2004) .
Minute pirate bugs (Orius spp., sticky cards), ladybird beetle adults (Coccinellidae, visual counts), and wolf spiders (Lycosidae, pitfall traps) were the most effectively sampled predators, using different sam- pling methods suggested for each group (Fig. 3) . Power analyses of all spiders together provided results similar to those for wolf spiders, likely because lycosids comprised the largest single group of spiders in several data sets. Pitfall trap results also suggested ground (carabid) and rove (staphylinid) beetles required an estimated four or six replicates, respectively, to detect a Ϫ50% change in abundance with over 70% probability (1 Ϫ ␤ Ն 0.70).
At a given effect size, estimates of power for parasitoids in the families Scelionidae, Trichogrammatidae, and Mymaridae (fairyßies) were generally lower or increased with replication more slowly (Fig. 4) than those for the representatives with other ecological roles (Figs. 1Ð3) . Sampling for braconids seemed less efÞcient than the other parasitoids, all of which were evaluated using data from sticky cards. Data on braconid abundance were included for 12 of the 15 data sets, but in some cases, only a single species (Macrocentrus cingulum Reinhard) was counted, perhaps contributing to lower predicted power relative to the other three parasitoid families.
Application of Results to Nontarget Studies. Several conclusions are supported by the results of the prospective power analyses. First, it seems some taxa from all of the ecological roles can be sampled with adequate power to detect large (Ϫ50%) changes with only three to four replicates. However, in most cases, 10 or more replicates will be required to detect small (20%) reductions in the abundance of nontarget taxa. Also, some taxa initially excluded for failure to meet minimum sampling criteria (sap beetles, wolf spiders) showed particularly high predicted power.
In general, the groups that showed the best predicted power versus replication relationships are likely to be sampled effectively in future studies if comparable methods (Table 1) . Relationship between power (1 Ϫ ␤) and replication for nontarget parasitoids. Plotted curves estimate the median power to detect a Ϫ50, Ϫ30, or Ϫ20% change in abundance for indicated nontarget taxa sampled using sticky cards.
not supported by the power analyses may be useful as indicators of possible nontarget effects. Also, although more specialized methods including soil cores, litter samples, and straw litter bags were not used at enough locations to be included in the overall power analysis, other results suggest these methods may be equivalent or better sampling methods for certain nontarget taxa (Prasifka et al. 2007) .
Statistical Power and Alternate Analyses. Other studies that have used power analysis support the conclusion that increased replication is necessary to detect small or moderate effects on nontarget arthropod abundance (Bourguet et al. 2002 , Perry et al. 2003 , Lopez et al. 2005 , Naranjo 2005 . Perry et al. (2003) used a simulation approach that tested power using several models including various combinations of mean, variance, and effect size to help determine appropriate replication needs for Þeld-scale nontarget trials. Including Þeld abundance data from many different taxonomic groups, Duan et al. (2006) focused on retrospectively assessing the power of a nontarget study. Analysis of Þeld data by Naranjo (2005) showed relatively greater gains in statistical power by increasing replication rather than increasing the number of sample dates (repeated measures). The simpliÞed approach here uses a tool for power analysis accessible to scientists without statistical specialization (NCSS 2002) , but may provide more broadly applicable results by incorporating Þeld data that encompassed variation in time, space, and methods. Without regard to the speciÞc approach used to estimate statistical power, using empirical data to help select nontarget taxa for Þeld studies can aid in designing future Þeld experiments, because choices of nontarget taxa to include in a study necessarily impact other aspects of experimental design (Andow and Hilbeck 2004, Prasifka et al. 2005) . Criticism of experimental design elements as inadequate or inappropriate (duration, plot size, sampling methods; EPA 2001 EPA , 2002 ) also suggest such an integrated approach would be beneÞcial.
Although much attention has been given to the relationship between statistical power and replication, other approaches to improve power should be acknowledged. As an alternative to separate analyses of study years, Duan et al. (2006) estimated pooling 2 yr of a nontarget study increased the percentage of hypothesis tests with satisfactory power from 22 to 86% (also see Naranjo 2005). Meta-analysis (Hunter et al. 1982 , Hedges and Olkin 1985 , Marvier et al. 2007 ) can increase statistical power by integrating experimental results across similar nontarget studies. Multivariate procedures, such as principal response curve analysis (PRC; Van den Brink and ter Braak 1999) assess nontarget impacts at the community level (Naranjo et al. 2003 , Dively 2005 , Naranjo 2005 , Prasifka et al. 2005 , Torres and Ruberson 2005 , Whitehouse et al. 2005 . Using PRC may be more powerful when several sampled taxa respond to an experimental treatment, but this approach may be less powerful if one or very few taxa are impacted (Ammann et al. 2001 ).
An emphasis on using empirical data and statistical power to guide nontarget trials, particularly for selection of included taxa, might seem (incorrectly) to suggest the removal of biological expertise and reasoning from research with transgenic insecticidal crops. More accurately, the use of statistical power to guide selection of taxa for nontarget trials reßects scientistsÕ inability to predict complex interactions among nontarget groups, target pests, and transgenic crops. It is intended to initiate selection of taxa for studies using in-Þeld monitoring, particularly when earlier, lower-tiered testing fails to indicate which nontarget groups are most likely to be affected. Such a method does not preclude using judgment; additional taxa that are difÞcult to sample effectively (or for which relative sampling efÞciency is not known) may subsequently be included because of their perceived value to humans. Prior experience with transgenic crops suggests such a balanced approach is essential to successful resolution of an issue of scientiÞc and public interest (Pew Initiative on Food and Biotechnology 2002). 
